We give a detailed discussion of the matching of the BPS states of heterotic, type I and type I ′ theories in d = 9 for general backgrounds. This allows us to explicitly identify these (composite) brane states in the type I ′ theory that lead to gauge symmetry enhancement at critical points in moduli space. An example is the enhancement of SO(16) × SO(16) to E 8 × E 8 .
Introduction
In nine dimensions the heterotic theories and the orientifold projections of the type II theories are believed to be related by a chain of dualities. Already in ten dimensions it has been conjectured in [1] and further substantiated in [2] that there is a strongweak coupling duality between the heterotic Spin(32)/Z Z 2 and the type I theory ⋆ .
The latter, when viewed as an orientifold projection of the IIB theory, lives on an orientifold nine-plane, and consistency requires the presence of 16 pairs of D9 branes which give rise to an SO(32) gauge group [6] . Upon compactification on a circle this becomes a nine-dimensional duality. The type I theory on S 1 is [7] T-dual to the orientifold projection of the IIA theory known as I ′ theory. The compact dimension of the I ′ theory is topologically a segment and its two endpoints define two orientifold eight-planes. Consistency requires the presence of 16 mirror pairs of D8 branes parallel to the orientifold planes.
In a background where the unbroken gauge group is SO(16)×SO(16) one gets a closed chain of dualities. For this background the two heterotic theories are related by R ↔ 1/R duality [8] . Furthermore, one can view both, the nine-dimensional E 8 × E 8 heterotic theory and the type I ′ theory as compactifications of M theory on a cylinder
, where in the former case the dilaton is related to the length of the cylinder, whereas in the latter case it is related to its circumference. It has been conjectured in [9] that the two theories are connected by a duality transformation which exchanges S 1 /Z Z 2 with S 1 . Attempts to describe the heterotic string as a matrix quantum mechanics of type I ′ D particles [10] are based on this conjectured chain of dualities.
In this letter we present a detailed mapping of the type I ′ D0 brane states to type I/heterotic BPS states for generic backgrounds. The mapping is based on relating the BPS mass formulas of the corresponding states over the whole moduli space. In this way we can explicitly identify the objects in type I ′ theory that are expected to give rise to gauge symmetry enhancement at special points in the moduli space. The generic picture that we find is that the heterotic/type I BPS states at n = 1 winding map to bound states of a single D0 brane sitting at one of the orientifold planes with wrapped open and closed type I ′ strings. In the SO(32) and other backgrounds ⋆ Various aspects of heterotic -Type I duality have been verified in refs. [3] , [4] , [5] .
where one observes a U (1) → SU (2) gauge symmetry enhancement at the self-dual heterotic/type I radius, one can identify the W ± gauge bosons with a D0 and anti-D0 brane sitting at the orientifold plane which has no D8 branes. A D0 brane sitting at the opposite orientifold plane is the image of a spinor weight of the Spin(32)/Z Z 2 lattice.
Review of heterotic-type I-type I ′ duality
Before matching the BPS states of the type I ′ and the type I theories, or, via duality, of the type I ′ and the heterotic theory, we have to review some of the discussion of [2] .
The low energy effective action of the type I theory is
The entire space is an orientifold plane which is charged under the ten-form field A 10 .
In addition there are also 16 D9 branes. F is the SO(32) field strength, the trace being in the vector representation and µ
The low energy effective action of the type I ′ theory, on the other hand is,
(2) The sum is over the D8 branes, with n i positioned at x 9 i ; n i = 16. G 10 is the field strength of the nine-form potential to which the D8 branes couple; the gauge group depends on the positions of the D8 branes [6] .
Polchinski and Witten have found a non-trivial background which solves the type I ′ equations of motion:
with g The type I ′ theory is, by definition, the T-dual of the type I theory. In a non-constant background, the relation between the 9-dimensional type I ′ and type I metrics is not known a priori. Following [2] we set g
with Q a constant factor to be determined. Comparing the 9-dimensional gravitational actions gives 2πR e −2φ = 2Q
while comparison of the gauge actions results in
Note that since the integration on the right-hand-side of (4) is restricted to
there is an additional factor of 2 [11] .
To establish the relation between R, φ and B, C we need one additional equation, as we also have the unknown parameter Q. Still following ref.
[2], we will get this equation by comparing masses of BPS states in the two theories.
Matching the masses of a type I Kaluza-Klein state of mass 1/R and a type I ′ winding state of mass m I ′ , taking into account the relation between the respective ninedimensional metrics, i.e. 1/R = Qm I ′ , one finds [2]
− 3 − Solving (4), (5) and (6) we find
To complete the map between the vacua of type I ′ and type I we need to establish the relation between a Wilson-line in type I and the positions of the D8 branes in type
In the absence of a Wilson-line all D8 branes lie at y = 0. We then introduce a
Wilson line in the type I theory with a single non-vanishing entry A i ; all type I gauge bosons whose roots have a non-vanishing i-th component will acquire a mass 
For y i = 0, 2π we have A i = 0, 1/2, as expected.
Matching of the Spectra
We will now show how heterotic winding modes, or, via heterotic-type I duality, the D-string winding modes of type I theory, map onto D0 brane states of the type I ′ theory.
The mass of a single D0 brane measured in type I units is
− 4 − Q and Ω(y) appear as a result of the non-trivial relation of the nine-dimensional metrics and the non-trivial world-line measure respectively. The factor 1/2 reflects the fact that a single D0 brane has half the charge and therefore via the BPS condition half the tension of a dynamical object which consists of a brane and its mirror image.
Note that the mass of the D0 brane depends on its position in the compact dimension, which for a single D0 brane has to be one of the two fixed points y = 0 or y = 2π.
A state in the SO(32) heterotic string spectrum compactified on a circle S 1 of radius R in the presence of a Wilson line A is characterized by its winding number n, its momentum quantum number m, a weight vector p of the Spin(32)/Z Z 2 lattice and oscillator excitations N L,R . Its mass is (a R = 0 (
with
Taking into account level matching, i.e. N L −1+ 
In these expressions α ′ h is related to the heterotic string tension via α
. It has been shown in [2] that a single type I closed D string has the worldsheet structure of the SO(32) heterotic string in the fermionic formulation. The tension of this string
Here α ′ is the type I scale and a factor of 1/2 appears again because the object we discuss is half a dynamical object. We can then read the spectrum of a single type I D string by substituting in the previous formulas T D for 
This in fact is the lightest type I state at n = 1. Note also that at the self-dual radius 
This is again the lightest type I state at n = 1 which belongs to the spinor conjugacy class of Spin(32)/Z Z 2 , although for the specific Wilson line that we chose it is not unique. (14). We identified this state with a D0 brane sitting at y = 2π in the type I ′ theory. Further inspection of equations (14) and (15) shows that increasing N L by one unit has to be compensated for level-matching by a one-unit decrease in m. This results in an increase ⋆ in the mass of the state by Given then the fact that the difference of two spinorial weights is always a weight in the 0 conjugacy class, one expects that bound states of the D0 brane at y = 0 with stretched open strings will represent the whole set of heterotic n = 1 states in the spinor of Spin(32)/Z Z 2 . The picture just described reproduces in the I ′ theory the heterotic n = 1 BPS mass formula. At the same time it accounts for the gauge quantum numbers of these states in I ′ .
The SU(2) symmetry enhancement which occurs in the heterotic theory at the selfdual radius for generic backgrounds comes about by means of the two states n = m = 1 and n = m = −1 at p = N L = 0. We have argued that these states map to a D0 and an anti-D0 brane respectively placed at y = 2π. It is noteworthy that when attempting to understand the SU(2) enhancement in the type I ′ both a D0 and an anti-D0 brane seem to be essential ingredients, whereas in the proposed matrix description of the − 9 − strong coupling limit of the IIA theory in the infinite momentum frame only D0 branes are required [13] . For the special choice of background for which the unbroken gauge group is SO(16)×SO(16) the self-dual radius is zero and the symmetry enhancement which occurs there is more interesting: a large number of states become massless at every value of n, thus enhancing the unbroken gauge group to E 8 ×E 8 and at the same time unfolding a new large dimension * . At n = 1 the states that become massless are in the (128,1)+(1,128) of SO(16)×SO(16) [14] , and the state with n = m = 1 at p = N L = 0 is one of them. It is interesting that for this choice of background we can consistently consider only positive values of n (this implies that we restrict ourselves to positive momenta along the new dimension which emerges). For generic backgrounds on the other hand, one needs states at n = ±1 to get the W ± bosons for the gauge symmetry enhancement U (1) → SU (2).
Heterotic BPS states at windings n > 1 map to type I ′ bound states of n D0 branes at a fixed point with wrapped closed and open fundamental strings. An interesting observation is that the spectrum of the heterotic theory does not contain BPS states at n > 1 whose mass can match bound states at threshold of n D0 branes only, i.e.
without wrapped fundamental strings.
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